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INTRODUCTION
The aim of this contribution is to measure the influence of differently treated cartridge surfaces on the breech-bolt force in a range of small-arms ammunition. Treatment types analyzed were untreated, ice layer, and oil lubricated. Ammunition types investigated were 50 Browning, 375 SWISS P, 338 Lapua Mag., 7.5 × 55 Suisse, 308 Win., 223 Rem., and 9 mm Luger.
Due to safety and functionality reasons, the chamber of the weapon needs to be sealed by the casing during the process of firing. This sealing process also decreases the breech-bolt force. During the acceleration phase of the projectile, the casing experiences a highly dynamic environment. Under such circumstances, the cartridge casing can be considered as a pressure vessel, which undergoes a plastic deformation while the propellant burns in the chamber. The plastic deformation of the cartridge, which prevents the rearward escape of firing gases between the weapon chamber and cartridge, is called obturation and is closely related to the push-out force. For safety reasons, the obturation of the casing needs to produce a seal. Otherwise, unpredictable gap flows may occur, known as the dangerous burn-through or gas-wash phenomenon.
A thermodynamic gap flow investigation was made by Squire and Donnard. 1 They described the efflux of luminous gases at the weapon breech, which is highly abrasive and can lead to serious damage of the weapon. At worst, it can harm the rifle person. Squire and Donnard described the problem in detail, referring to classical melting theory. They investigated this experimentally by drilling a small hole in the head of the casing. They observed that even a minor scratch might result in a burn-through. This investigation was made with aluminum casings, which have a significantly lower melting point as compared to regular brass casings. However, the possible risks reveal the importance of a controlled obturation process guaranteeing the sealing of the pressure vessel system. Hence, in recent years, several patent applications, describing possible technical approaches to solve the sealing problem of the ammunition barrel system for small-caliber ammunition 2,3 but also large-caliber applications, 4, 5 have been filed. The obturation of the casing not only affects the sealing process but also has an influence on the force taken/supported by the breech bolt. In the case when the push-out force exceeds a certain level, the breech bolt can break, which leads to severe damage or even can harm the operator.
Due to the internal pressure and the obturation process, the casing is pushed against the wall of the chamber. In other words, it means that the overall push-out force is not entirely taken by the breech bolt. The friction between the chamber wall and casing bears some of the overall push-out force. The friction between the interface boundaries is an important factor for bolt force assessments, which is described in the literature, in particular for steel and brass systems. According to Aida, 6 the static and dry Coefficient of Friction (COF) of brass and steel is in the order of 0.19. 6 In the case of the oil lubricated and kinetic brass-steel combination, the COF is around 0.09, which is consistent with recent publications. 7 In terms of lubrication, it is found that thin water layers may also act as a performant lubricant. 8 However, lubrication is only one of the six main factors the bolt force depends on; the other five factors are as follows:
(1) The surface area of the case head where the pressure acts, (2) The pressure in the casing, (3) The friction between the chamber wall and the case body, (4) The material properties of the chamber and casing, (5) The chamber geometry, i.e., fluted or smooth.
By controlling these five factors and measuring the push-out force, it is possible to get information about the effect of the lubricant on the obturation process during firing. Processes such as obturation are difficult to measure and are nowadays simulated using Finite Element Analysis (FEA). 9, 10 The advantage of FEA is that numerous parameters can be investigated within one single model by sensitivity studies. With only minor changes in the model, one can analyze geometric parameters.
Besides numerical approaches, it is also possible to investigate the push-out force analytically at the breech, as suggested by Allsop et al. 11 The extraction-force equation can be used to estimate the push-out force. Such an approach is unsuitable for solving the dynamical problem of the obturation and cartridge sealing since only part of the analytical model can be applied. The main reason is that in the equation of Allsop et al., the friction is assumed to have a constant value. Specific properties of the propellant, such as pressure oscillations, described by Elkarous et al., 12 are neglected.
Several types of small-caliber ammunition are available for both military and law enforcement purposes. The most often-used cartridge type is the 9 mm Luger. This type of ammunition is highly standardized and utilized in pistols all over the world. 13 The most powerful caliber belonging to the family of small-caliber ammunition, exploited by many armies, is the 12.7 × 99 mm, also known as 50 Browning or 50 BMG. This caliber is mostly for the heavy machine gun Browning M2, which has its origins in 1918. 14 The 50 BMG is especially interesting in this investigation since this ammunition type caused problems concerning the reloading cycle and bolt/push-out force and was therefore deeply investigated using FEA methods. 15 Besides FEA investigations, it is also possible to measure forces at the case head using force washers. Ritter et al. 16 measured the force on the igniter and pressure inside the cartridge with a piezoelectric force sensor. This provided confidence in predicting the behavior occurring in the barrel chamber. They mentioned that the impulse has a significant influence on the system. Sensors relying on the piezoelectric effect are often selected for standardized pressure measurements [17] [18] [19] and so are very suitable for ballistic investigations. However, ballistic pressure investigations rank among the most challenging types of measurement to be conducted.
Decades ago, due to the lack of suitable electronic measuring equipment, these measurements were conducted using a simple copper crusher method. The copper crusher method consists of a copper cylinder which is deformed depending on the pressure produced in the chamber of the weapon during the firing process. 20, 21 Even today, the copper has its legitimation for cross-reference purposes. Elkarous et al. 22 investigated the sensing behavior of two piezoelectric pressure sensors and compared the results with a copper crusher. They investigated the amount of deformation of the copper cylinders after the shooting tests, using FEA to obtain quantitative results about the pressure applied. An approach to apply the crusher method directly on the casing is to turn notches into the head of the casing. Similar to copper, the brass of the casing is also a highly defined material and can be investigated as the crusher method.
However, ballistic pressure measurements in the chamber of a weapon are regularly conducted and important for security assessments. In contrast, breech-bolt force measurements are rarely made even though the breech bolt is a very important part of the weapon. The force on the breech bolt has a significant influence on the firing process, weapon functionality, and safety. This paper confirms that the breech-bolt force depends significantly on the surface treatment, which is one of the relevant issues. Consequently, this study is a supplement to and enrichment of existing studies on diagnosis associated with the firing process for small-arms ammunition.
EXPERIMENTAL PROCEDURES
To investigate the influence of the ammunition on the push-out force, seven types of casings and three surface states were selected. The types of casings are 50 Browning, 375 SWISS P, 338 Lapua Mag., 7.5 × 55 Suisse, 308 Win., 223 Rem., and 9 mm Luger which are presented in Fig. 1(a) . The push-out force relevant properties of the ammunition type are given in Table I. This table contains properties having a direct influence on the push-out force such as the muzzle energy, casing surface, and the diameter of the mouth of the casing. The bullet weight and the projectile type influence the push-through force of the projectile in the barrel during acceleration, which also affects the push-out force. In general, Full Metal Jacket (FMJ) projectiles need a lower push-through force as compared to monolithic (solid) projectiles. 23 All types of ammunition were certified according to the most recent Commission Internationale Permanente (CIP) regulations. 17 The 9 mm Luger is the only casing without bottleneck design investigated. By comparing the bottleneck-type casings, the differences are in the angle and diameter-length ratio. For the ammunition, three surface states were selected: untreated, oil lubricated, and ice layer, which are seen in Fig. 1(b) . The surface lubrications oil lubricated and ice layer are highly defined and may occur in real-world usage. The oil lubricated case simulates the case where the ammunition might have some lubricant at the boundaries of the inner chamber of the weapon. This is the case when the weapon is cleaned and oiled before use. To oil lubricate the casings, a fluid referred to as Klübersynth MZ 4-17 was applied. This lubricant is recommended for the maintenance of small arms such as hunting and sporting rifles. 24 The casing surface was treated with 0.4 mg/cm 2 lubrication oil. In contrast, the ice layer state reproduces the situation where the ammunition is significantly colder than the weapon so that it is possible that the ammunition condensates quickly. In this study, to investigate the ice layer treatments, the ammunition was cooled to −30 ○ C for 1 h and then exposed 2 min to ambient temperature. This approach permitted to build a highly defined thin ice layer with a mass of 0.5 mg/cm 2 , as shown in Fig. 1(b) . The condensation process was controlled with an analytical balance (Mettler, Switzerland) and a stopwatch. The resulting water film is very thin and does not increase the gap between the chamber and the casing. Furthermore, it is melted immediately after putting it into the barrel.
The ammunition was first tested using an Electronic Pressure Velocity and Action Time (EPVAT) (HPI, Austria) measurement setup, 25 recognized by NATO and CIP testings. The amount of propellant is known from production certificates, and the casing surface can be calculated from the specific dimensions published in the CIP documents. 17
Piezoelectric measurements
The piezoelectric force measurement was conducted ten times for each ammunition type so that the reproducibility and associated errors are statistically relevant. The push-out force measurement device is similar to the EPVAT system, as shown in Fig. 2 . It includes an interchangeable proof barrel, rigid housing that is made of cast iron to reduce the effect of vibrations during shooting. In addition, it has a trigger device attached to the force measurement plate, which is shown in Fig. 3 . The trigger device and the force measurement plate, which also serve as a breech bolt, need to be disassembled after every shot is performed. The key difference to a regular EPVAT system was that the breech bolt was equipped with a force washer Kistler 9041a (Kistler, Switzerland), shown in Fig. 3 . This sensor has an eigen frequency of 65 kHz and is capable of measuring short time events. A National Instruments USB-6366 (NI, USA) data acquisition device was used for all tests. Accurate time and the amplitude raw signal were necessary for the impulse measurements. Hence, the data acquisition rate was 2 MHz (0.5 μs step size) with a 16-bit resolution. The impulse was calculated using the time integral of the force signal. The filtering of the acquired raw data was identical in all cases. The filtering was a combination of 20 kHz Butterworth lowpass filter which is known from NATO standards concerning smallcaliber ammunition 19 and an RMS signal envelope 26 with a step size of 170 samples. The filtering approach and the overall measurement system with a force washer are the same as the one described in the work of Muster et al. 27 The effect of this filtering as compared to the raw signal can be seen in Fig. 4 . The signal is not loaded with highfrequency parts over 20 kHz. However, the time property of the first rise remains persistent. 
Case head crusher assessment
The 338 Lapua Mag. was chosen to conduct the crossverification of the piezoelectric measurements for two reasons. First, it is a caliber mainly used in sniper rifles. Second, it has a rigid breech bolt. Bolt-action rifles are with rigid bearings of main interest for push-out force and safety investigations. In addition, the 338 Lapua Mag. was assessed since it provides enough material at the casing head to contain notches, which is necessary for later crusher investigations. These notches have resulted in defined spikes, which deform under the high forces occurring during the firing process. This deformation was measured using an analog microscope with a measurement X-Y table (Wild Heerbrugg, Germany).
The unloaded notch pattern of the case head (see Fig. 5 ) was replicated using a CAD package of a FEA software. The FEA software applied for this investigation was FORGE ® Version 4.6.2.1 (Transvalor, USA), optimized for metal forming processes. 28 The casing hardness was assumed to be homogeneous with the constant hardness value of 180 Hardness Vickers (HV 30 ). This drawn casing head was placed between two bearings, which were assumed to be fully rigid. A quarter symmetry model was constructed, to save computation time. The load was built up stepwise on a gradient, to obtain a force-step curve. No oscillations were assumed. The element and mesh size were set to "automatic." The force was applied "static," and the mesh for the analysis was generated automatically and dynamically. Each surface state type was assessed three times. With this approach, we were able to replicate the deformation under an applied force to obtain a semiquantitative result. The reason for this verification system is the same as presented by Elkarous et al., 22 which is to obtain a result from a different measurement approach. 
AIP Advances

Analytic calculations
Besides the crusher gauge and FEA, the calculated maximum force (Fmax) is another straightforward method that can be used for an analytic calculation of the push-out forces of the ammunition types investigated. This method assumes that the maximum possible force is delivered on the breech bolt. The calculation of the theoretical Fmax can be simplified since it depends only on two factors: the peak pressure (P peak ), a measured value, and the casing head diameter (DCH) (see Fig. 6 ) which is taken from the CIP regulations. Then, Fmax = P peak * DHC and the results are given in Table III . This maximal force scenario applies only if no obturation and no friction exist between the boundaries of the casing and the chamber. Under such circumstances, it is obvious that the theoretical Fmax cannot be exceeded in real-world measurements and so must be taken as a maximum reference.
More complex equations for push-out measurements rely on several parameters such as the friction coefficient, materials, geometrical properties, and the peak pressure. 11 These parameters are hard to measure during the experiment and so must be simplified. Another drawback of this approach is that the dynamic properties of the projectile acceleration process are neglected.
RESULTS AND DISCUSSION
This section is divided into two sections: the piezoelectric measurements and the case head crusher assessment. The piezoelectric measurements are divided into four parts. Single force curves according to the different ammunition types are presented. They give an impression about the force-time behavior. Then, a table summarizes the results, in particular an important factor between the measurement and the worst-case scenario. Third, boxplots summarized the statistics of the acquired results. Finally, the measurements are then cross verified using a crusher method with FEA.
Piezoelectric measurements
Figures 7-9 show typical push-out force vs time curves acquired with the force measurement instrument for the seven casing types. As expected, just after firing, the forces increase drastically before decreasing gradually. Most of the sharp rise takes place within 1 ms, whereas the force decreases take place between 0.8 and 3 ms depending on the casing. The 9 mm Luger is the only casing without a bottleneck and has a unique push-out curve as compared to the other curves. After a short rising time, the maximum force (F peak ) measured is lower than the other casing type followed by a decrease to zero force within only 1 ms, and evidence of this is given in Figs. 7-9 . The reason is that the 9 mm Luger proof barrel (100 mm) is much shorter as compared to the other barrels. In contrast, the 50 Browning has a much longer barrel (1200 mm), and this leads to longer acceleration time. The difference in acceleration time is independent of the surface state. Figures 7-9 are closely related to Table II , which summarizes the measured but also the calculated forces for the three surface states. P peak was acquired according to the CIP regulations. It represents the average value from the pressure maxima of ten single shots. For each ammunition and surface state, F peak was averaged over a set of ten shots and Fmax was the maximum push-out force value in the system. This table also contains an important value which is defined as F peak /Fmax. This value shows the measured force in relation to the absolute maximal possible force (Fmax). Also, one main relation between the figures and the table is the average force (F peak ), which is an average value of peak values of the force curve shown in Fig. 7 . This is a very artificial value since there is always some obturation and friction in the system which lower the push-out force.
In Table II , no significant difference is observed in the average maximum pressure (P peak ) and Fmax for the untreated and oil lubricated ammunition. In contrast, a slight difference (but significant) is visible in P peak between the untreated and ice layer ammunition. This is due to the burning properties of the propellant and igniter that are affected during cold conditions.
The results of the untreated surface state are shown in Fig. 7 and Table II . In Fig. 7 , force oscillations, which are caused by the stickslip effect, can be observed and were detected in all untreated surface states. Some oscillations are high in amplitude and reach up to 1/10 of the maximum push-out force; this affects the reproducibility of the measurements. For the untreated surface state, it is possible to identify three different casing groups. The first group is made by the 9 mm Luger only, which shows a sharp peak and reaches up to 72% of Fmax; see Table II . The second group is made of 375 SWISS P, 338 Lapua Mag., 308 Win., and 7.5 × 55 Suisse. These casings showed a similar relation for F peak /Fmax values ranging from 42% to 61%. The third group is very interesting as it comprises the largest and smallest projectile diameter investigated (223 Rem. and 50 Browning, see Table I ). These two ammunition types showed only 25%-26% of the maximum possible push-out force (see Table II ), which is a strong indication of a good obturation process. The reason for this behavior might be the similar geometrical constraints of the casings; see the geometry of these two casing types [ Fig. 1(a) ]. For the untreated surface state, it is also interesting to note that although the 50 Browning has twice of the muzzle energy of the 375 SWISS P (see Table I ), the 50 Browning has lower push-out force as compared to the 375 SWISS P. Actually, the peak-force of the 50 Browning is reached more than 1.5 ms after the first signal rises. All other casing types reached the peak-force between 0.3 and 0.5 ms after. One reason is that the propellant used for this largest investigated caliber is less vigilant; this leads to delayed peak pressure. Another possible reason for the delayed peak-force is the stick-slip phenomenon of the ammunition, an effect that can be observed between 0.2 and 0.7 ms in the case of the 50 Browning. In contrast, the 375 SWISS P produces the most significant force at the bottom of the casing (up to 49 kN) (see Fig. 7 ), a behavior true for all force curves investigated in this work. This caliber reaches on average 53% of the maximum push-out force (see Table II ).
The surface state ice layer influences not only the coefficient of friction of the casing but also the burning properties of the propellant. However, no significant difference concerning the pressure and velocity of the projectile was observed.
The ice layer surface state rises the push-out force significantly for every ammunition type and affects the obturation process. All ammunition types show between 73% and 97% of the maximal force, which is remarkably high when considering the safety of the system. The ice layer state revealed a significant influence on the force oscillations of all bottlenecked casings. All force signals are steadily rising and falling. Compared to the untreated surface state, fewer oscillations occur. The force signal from this surface state is comparable with the signal from the regular pressure measurements. The peakforce is correlated with the muzzle energy, which is an indication that the thin water layer affects the obturation process significantly. This is consistent with the statement of Paliy et al., 8 who reported that, under certain circumstances, water acts as a high-performance lubricant.
For the oil lubricated case, a thin film of Klübersynth MZ 4-17 was applied. The resulting push-out forces are comparable with those from the ice layer. However, for example, the 338 Lapua Mag.
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scitation.org/journal/adv casings are subjected to fewer stick-slip effects (compare the green lines in Figs. 8 and 9 ). To compare the statistical results of the experiments, one decided to separate the ammunition into two groups: smaller and larger ammunition types based on their muzzle energy delivered. The smaller ammunition types were defined for ammunition delivering muzzle energy of less than 3500 J, and the statistical results are given in Figs. 10(a) and 11(a). The smaller ammunition types are normally used in self-loading firearms. In contrast, the larger ammunition types are delivering muzzle energy higher than 6000 J, and their statistical results are shown in Figs. 10(b) and 11(b) . These calibers are used by snipers and are often used in weapons with bolt-action. Bolt-action rifles with a rigid bearing are strongly affected by insufficient obturation processes and large push-out forces. A comparison of the different smaller and larger ammunition types is presented in the boxplots in Fig. 10 containing the information about all force measurements performed in this study. They represent median, quartiles, as well as extreme values.
We can see that the force delivered on the breech bolt increases in the treated surface states with increasing muzzle energy (compare Fig. 10 with Table I ). For all bottleneck casings, it is seen that the untreated surface state has a relatively low push-out force, whereas the push-out forces for the treated surface states are significantly higher. The ice layer causes a less significant rise in the push-out force than the oil lubricated.
It is worth comparing the 7.5 × 55 Suisse with the 308 Win. casings as both have almost the same muzzle energy values, and they are the only caliber investigated with interchangeable projectiles. However, the casing geometry differs slightly, which leads to different push-out force patterns. By comparing both casings, we can conclude that the overall geometry influences the push-out force. This observation of a geometrical dependency is supported by the different sized calibers 50 Browning and 223 Rem.; see Fig. 1(a) . They react with a similar force pattern on the surface state. The absolute force value and its spread are low in the case of the untreated surface, and both rise significantly after changing the surface state with lubricant. Some of the measured 9 mm Luger peak-forces are so high that they reach almost the calculated maximum possible force. In this case, the sealing of the casing in the chamber might break and thereby release some of the hot and highly compressed gas into the weapon. The scatter in the results of the nonbottlenecked 9 mm Luger is the largest as compared to all other types of ammunition investigated. For the bottleneck casings investigated, the 338 Lapua Mag. shows a large scatter. Figure 11 presents the results of the impulse transmitted to the breech bolt. The impulse gives information about the duration of the force applied on the breech bolt. This factor is important because some breech bolt systems are more sensitive when a load is applied for a certain time. The impulse transmitted at the base is represented by the integral of the force-time curve, and it also depends on the length of the barrel. Based on Fig. 11 , no evident difference in the impulses was observed between the treated and untreated 9 mm Luger ammunition. The average impulses transmitted to the breech bolt vary between 7 and 59 N s in the untreated surface states. This range is larger for the lubricated surfaces, which varies between 6 and 120 N s. The lack of stick-slip effect in the treated surfaces prevents the chamber from taking big amounts of impulse leading to an enlargement of the range between the min and max value. In contrast, all treated bottleneck casing types show a decrease in impulse variation. The theory that the barrel chamber cannot take significant amounts of impulse if the casings are treated is supported by this decrease in impulse variation.
Case head crusher assessment
The case head crusher assessment for the 338 Lapua Mag. was used to cross verify the electronic measurements. In such highly dynamic environments, there is a distinct possibility that parts or tolerances of the measurement system influence the quality of measurements themselves. The verification was conducted in a two-stage approach, via optical investigation and FEA. Figure 12 presents pictures of the case heads before firing [ Fig. 12(a) ] and after for the three surface states. This optical investigation showed already obvious differences concerning the casing-head deformation. For example, the less flattened ring contour in Fig. 12(d) is due to the different hardness of the casing and is prominent in the outer ring.
Furthermore, the outer ring is less supported due to the extraction groove. In a second step, the FEA was performed and its results were compared with the force-washer measurements. The oil lubricated casing showed a less significant flattening of the casing head. However, this might be due to the intrinsic force spread of this caliber (338 Lapua Mag.). This is interesting since the flattening of the casing head might also lead to different internal ballistics or, in the worst-case scenario, affect the obturation process even further. Such an effect was not observed in the present study. Figure 13(a) shows the setup of the FEA, a rigid structure (black bearing) presses a simplified ductile case head against a rigid plate which is not represented. The results of the FEA are presented in Fig. 13 for the three surface states, and the comparison is given in Table III . The crusher FEA average peak-force (F peak ) analysis is remarkably close to the measured F peak by the force washer, and evidence of this is given in Table III .
CONCLUSION
This contribution investigated the effect of casings and surface states on the push-out force and transmitted impulse. Seven casings (50 Browning, 375 SWISS P, 338 Lapua Mag., 7.5 × 55 Suisse, 308 Win., 223 Rem., and 9 mm Luger) and three surface states (untreated, ice layer, and oil lubricated) were selected. We established the push-out force, and transmitted impulse often depends on the surface state. Using lubricants such as water or oil increases the average peak-force (F peak ) up to a factor of 3.5 and affects the obturation process. These are safety-relevant features since a good obturation process is necessary to ensure the functionality of a weapon. However, large, oscillating, and unpredictable loads on a breech bolt may lead to its breakage and harm the operator severely.
We demonstrated that our proposed measurement system is suitable for analyzing a wide range of forces and impulses in smallarms weapon systems. It has been validated using a case-head crusher method, aided by FEA. The three different surface states: untreated, ice layer, and oil lubricated, showed that already small changes in the ammunition surface have a significant influence on the push-out force and so on the obturation process. The geometry of the casing, also, influences the push-out force to a major extent, which is true for all sizes of bottleneck casings. The investigated nonbottlenecked casing (9 mm Luger) behaves differently concerning the overall spread of the momentum or push-out force. The acquired results can be used to estimate the maximum force at the breech bolt, which is a very important and safety-critical factor in the design and operation of a weapon.
The dispersion of the impulse is reduced in all surface-treated bottleneck casings. This is a strong sign that for the lubricated surface state, no stick-slip phenomenon occurs and that the obturation process has a minor influence on the push-out force.
The recommendation to users is to apply lubricant during barrel maintenance but to remove the lubricant before firing. To weapon manufacturers, the relevant recommendation is that a weapon should be capable of withstanding at least the maximal possible force which depends on the maximal possible peak pressure and the diameter of the case head. A gap between the breech bolt and casing head leads to strong collisions between the two during weapon firing.
